In this work, we study the long-term mechanical strength under static load -i.e. static fatigue performance or resistance to subcritical crack growth -of ceramic thick-film circuits, namely how the static fatigue of the substrate is affected by the presence of thick-film compositions on the surface subjected to tensile stress. Three substrate materials were compared: standard 96% alumina (Al 2 O 3 ) and two grades of high-strength zirconia-toughened alumina (ZTA). The tested thick-film compositions included Ag-and Au-based conductors, a multilayer dielectric, resistors, and an overglaze, alone or in combination. The tests were carried out by applying a nominally constant load on cantilevers, at room temperature and in nominally 100% humidity, with stress data extracted according to log-normal and Weibull statistics. In the blank state, both ZTA grades exhibit higher short-term strength than 96% Al 2 O 3 , as well as much higher resistance to static fatigue. However, many thick-film compositions are found to degrade the static fatigue performance, with higher-strength ZTA being in general more affected. This implies that thick-film materials used in circuits under high mechanical stress, such as force and pressure sensors and devices operating in harsh environments, must be carefully chosen and placed in order to ensure reliable long-term operation.
Introduction
Ceramic circuits are widely used for high-reliability applications in electronics, electronics packaging and sensors, as they allow -depending on materials and design -excellent thermal, dimensional and chemical stability, high thermal conductivity, thermal expansion matching to semiconductors, high strength and good 3D structurability. Typical technologies for creating circuits on ceramics are thick-film, thin-film, low-temperature cofired ceramic (LTCC, a development of thick-film), high-temperature cofired ceramic (HTCC, mainly used for ceramic packages) and direct bonded copper (DBC) [1] [2] [3] [4] [5] [6] . Available ceramic substrates include 96% thickfilm grade alumina (Al 2 O 3 with ca. 4% glassy phase), high-purity (>99%) fine-grain thin-film grade Al 2 O 3 , zirconia-toughened alumina (ZTA), yttrium-stabilised zirconia (YSZ; ZrO 2 with ca. 3% Y 2 O 3 ), aluminium nitride (AlN), beryllium oxide (BeO) and proprietary LTCC compositions.
Thick-film and LTCC technologies are widely applied to force and pressure sensors [7] , based on the good piezoresistive properties of thick-film resistors [8] , and this requires high-strength substrates to achieve a high output signal. Although very high sensing performance has been in principle demonstrated for metallic substrates [9] , serious compatibility problems still must be solved, requiring in practice non-standard low-temperature processes [10] . Therefore, ceramic substrates are more practical for many purposes, such as simple low-cost force sensors [11] [12] [13] [14] or integration of pressure sensing within a 3D fluidic circuit [15] [16] [17] .
To date, standard 96% alumina is -in spite of its mediocre maximum allowable strain -the most commonly used ceramic substrate for thick-film piezoresistive sensors due to its compatibility with thick-film technology and low cost. LTCC, although not much better in principle [12] , allows 3D integration, which makes it an important substrate. High-strength alternatives to alumina are YSZ and ZTA. While YSZ allows higher signal, its high cost can be prohibitive, and its high thermal expansion and different chemistry give rise to large shifts in resistor properties vs. alumina, and ZTA appears more favourable overall [18] . Also, in the important application of power electronics substrates such as DBC, both static and relatively slow dynamic stresses arise from the thermal mismatch between Cu and Al 2 O 3 / ZTA, as well as from thermal gradients during operation. Further (quasi-static) stresses in ceramic circuits and packages can arise from sources such as adhesive bonding and potting with hard compounds such as epoxy resins, soldering and mechanical fastening. As ceramic circuits are often expected to perform critical functions in harsh environments, this work has important implications, beyond sensors, for the reliability of thick-film devices.
Although ceramic substrates may have high strength levels, their inherent brittleness makes them susceptible to mechanical shock, stress concentrations and flaws. In a previous study [18] , shortterm strength of alumina, YSZ and ZTA was shown to be strongly reduced by processing flaws induced by laser scoring and cutting, and also by some thick-film compositions, notably fritted Ag:Pd conductors. On the other hand, complete thick-film piezoresistive cantilever load cells, made using Au conductor, piezoresistor and overglaze layers, apparently retained the original substrate strength in the short term for the three tested substrates, 96% alumina, YSZ and ZTA.
Short-term strength, however, is not a safe indicator of stability; another important cause of failure for glass and ceramics is static fatigue (also called subcritical / slow crack growth, SCG). This is mostly due, under ambient conditions, to stress corrosion by water (vapour or immersion) [19] . Thick-film grade 96% alumina, which contains ca. 4% intergranular glassy phase, is also susceptible to SCG in water [20] . This was also observed by us for 96% alumina tested in humid air, but the effect was very low in blank YSZ and ZTA, presumably due to the essential absence of glassy phase in these materials [21] . However, this study also showed that the above-mentioned cantilever load cells (with thick-film layers), while matching the strength of the blank substrates in the short term, were significantly more susceptible to SCG in humid air, and that this effect was much more pronounced with the high-strength YSZ and ZTA substrates. Again, this result can be rationalised by the presence of SCG-sensitive glassy materials (resistor and overglaze layers) on the surface subjected to tensile strain that can act as crack initiators for the whole substrate. This hypothesis is also confirmed by the high SCG sensitivity of LTCC -which also has glassy phaseobserved by us [12] .
Based on these results, a more systematic study was initiated [22] to evaluate the effect of thickfilm compositions on SCG failure of 96% Al 2 O 3 , and two grades of ZTA. This work is completed in the present paper, with final results on a much more comprehensive set of materials and taking into account surviving samples.
Experiments
Three substrate materials were used (Table 1) : standard thick-film grade 96% alumina (S00, Kyocera A-476) and two experimental grades of ZTA (S01 and S03) provided by CeramTec AG, which specified them to be "similar" to the commercial "Rubalit HSS" grade introduced in the meantime. Overall, sample preparation and testing was identical with the previous study [22] . The thick-film materials, listed in Table 2 , were deposited onto cantilevers in strips by screen printing according to the layout shown in Fig. 1 , and fired at the indicated temperature (10 min dwell), in dry air according to a standard 45 min (total) cycle. A 2 nd printing and firing cycle was made for the "overglazed" samples, with a slightly larger printed area completely covering the 1 st layer. After firing, the individual cantilevers were singulated by laser scoring and breaking, with the scored side at the bottom, e.g. in compression during testing, to avoid weakening by the flaws created by scoring [18] .
SCG testing was carried out as before [22] , with the film-covered side under tensile stress, at room temperature (22±2°C) in close to 100% relative humidity (RH), with samples stored at least overnight in this environment prior to loading. Each cantilever was mounted onto a base (Fig. 2) , and a constant force was applied with a vertical pushrod loaded with weights, and the time to failure was monitored. Vibrations were minimised by mounting the weights on springs and cushioning the setup with plastic foam (Fig. 3) . The average number of samples per individual series was 57.
Calculations -data analysis

SCG degradation of failure stress
The expected long-term failure stress caused by SCG can be fitted by the following relation [19, 23, 24] :
, for linear fitting: The "reference time" t 0 can assume any arbitrary value, and is taken here to be 1s. With such a short time, the stress σ 0 is essentially an extrapolated short-term failure stress, and in practice lies reasonably close to the average value obtained from short-term mechanical testing. The reader is referred to the more detailed discussions in the above-mentioned references. The other parameter, the time exponent n, characterises the SCG effect on strength, with materials relatively immune to SCG having high values of n.
Distribution of failure stress and time
In strength of brittle materials such as ceramics and glasses, the Weibull distribution function is widely used. This function W, normally used for short-time testing, can be extended for SCG to give the failure probability F as a function of the stress σ and time t [23] :
, where The scale parameter σ W determines the typical failure stress, and the shape parameter (stress exponent) m * gives the degree of spread, high values of m * indicating a narrow failure stress range. Given the usually high values of n (>20), the stress exponents m (for inert strength) and m * (SCG) are almost equal.
Another commonly used function is the log-normal distribution, where the failure probability F vs. the logarithm of σ follows a normal distribution, which can be expressed with the standard normal cumulative distribution function Φ, and extended for SCG [24] in a similar manner to (2), with corresponding parameters σ 0 and ∆ (analogues to σ W and m * ):
Here, σ 0 gives the geometric mean of the stress for t = t 0 , and (1) can be used to calculate the expected geometric mean of the stress at any time t. The logarithm of its geometric standard deviation (LGSD) is constant and given by ∆, with ∆·n conversely giving the LGSD of failure time at any stress [24] . For relatively tight distributions (LGSD << 1), the log-normal distribution is essentially equivalent to a normal one, with LGSD approximately equal to the coefficient of variation (∆ ≅ C v ). This is in most cases true for the failure stress, but not for the failure time, where the distribution is very broad due to the usually large n values.
Extraction of the parameters
First, the parameters for (1), σ 0 and n, are extracted by linear regression analysis of the data, given by failure stress and time data pairs (σ i , t i ). Thus, for a given failure stress or time, the corresponding expected failure time t * or stress σ * will be given, at constant failure probability F, respectively by:
For the log-normal distribution, the above calculated values are maximum-likelihood ones, and also correspond to F = 0.5. The LGSD of the failure stress ∆ is calculated by computing the standard residual error, i.e. the standard deviation of ln(σ/σ * ) for the data series.
In order to extract the Weibull stress distribution parameters for a series of N samples, we sort the series in ascending order of short-time stress, calculating the "experimental" failure probability F i for a given sample, and rewriting (2), which allows extraction of m * and σ W by linear regression:
In this work, we mainly use the log-normal distribution; a comparison is given, for similar LGSD, in Appendix A.
Treatment of samples that withstood loading
In some sets, a small minority (ca. 1%) of the samples, having not failed within a reasonable time t in under an initial stress σ in , were subjected to loading at a higher final stress σ. In this case, the stresscorrosion damage due to the initial loading was accounted for by adding an equivalent time ∆t eq to the observed failure time under final stress t:
At the end of the tests, a small proportion (also ca. 1%) of samples were simply stopped. This requires a somewhat more complicated treatment. Assuming here a log-normal distribution, the distribution of the failure probability vs. time is a priori geometrically centred on t * , calculated from (4), with a LGSD of ∆·n. Interrupting a test at a time t stop means the precise value of the failure time t is not exactly known, but lies at t > t stop . From this, we estimate t as the geometric mean of the truncated log-normal distribution, i.e. without the low time range the sample withstood. This is done by centring and reducing ln t to the standard normal distribution, and integrating:
Here, φ is the standard normal distribution density function (i.e. the derivative of Φ), and
( ) to improve floating-point numerics. Additionally, as the test was not complete, these points were only weighted partially, with the weight w (=1 for samples where failure was observed) taken to be the probability of failure according to the linear regression:
As the above-mentioned procedures require a priori knowledge of the fitting parameters ∆, σ 0 and n, the fitting is done iteratively. This is not a problem, as convergence is rapidly achieved due to the small proportion of concerned samples (ca. 1% reloaded and 1% stopped overall), and the corresponding change of the parameters, while not negligible, remains moderate.
Design stress
In order to compare materials, we extracted the design stress σ d assuming a log-normal distribution, with the following design parameters: lifetime t d = 10 years and spread allowance k d = 4.75 (to achieve ~1 ppm failure probability according to the log-normal distribution):
Although, this formula does not take into account the extrapolation error over 1/n, it should yield reasonably conservative values, as, below some stress, slow crack growth essentially ceases, as determined by detailed crack growth experiments [26] . Moreover, in industrial practice, weak devices stemming from gross manufacturing flaws may be quite efficiently sorted out by proof testing [27] .
Results and discussions
The long-term strength data of all variants are given in Tables 3 and 4 , and the graphs for selected samples in Fig. 4 . The graph for the blank samples includes the regression curve for DuPont (DP) 951 LTCC beams [11] for comparison (σ0 = 330 MPa; ∆ = 12%; n = 28; σd = 91 MPa).
Blank beams (V00)
Both ZTA variants are far superior to 96% alumina both in the short term (σ 0 ) and in SCG behaviour (n), which translates into a much higher design stress σ d , i.e. 572 and 450 MPa for ZTA vs. 240 for Al 2 O 3 . ∆ is comparable or better for ZTA, in spite of the "experimental" nature of the ZTA grades used here (pilot series). The high n values (170 and 82 vs. 37) indicate they do not contain significant amounts of glassy phase subject to stress corrosion in contact with moisture at room temperature. Accordingly, we also obtained good results with YSZ beams (σ 0 = 953 MPa; ∆ = 2.0%; n = 107; σ d = 640 MPa) [21] . Better stress corrosion resistance could also be obtained with alumina by employing higher purity, but the processing is more involved [25] , and the strength remains lower than that of ZTA. These results essentially agree with other work [26] . Conversely, LTCC material, which is more glassy and contains lower-melting glasses (which tend to have a higher affinity for water), expectedly performs even worse (see above). As LTCC is often used in sensors [11, 13, [15] [16] [17] , further attention to its mechanical properties is warranted, although study is rendered difficult by the many specific and proprietary compositions, and possibly significant processing dependence of the mechanical properties.
Effect of single thick-film compositions (V01-V11)
The advantage of ZTA (and of YSZ as well [22] ) may be strongly reduced by the presence of thickfilm layers on the tensile side; one can see in Tables 3 and 4 , as well as in Fig. 4 , that some layers mainly affect the long-term strength. Apparently, their interaction with the substrate leads to facilitated crack propagation in static fatigue conditions, at the surface and/or in the grain boundaries (Fig. 5) . Metallic layers should not lead to such phenomena, but thick-film conductors contain glass frits and/or reactive oxides such as Bi 2 O 3 and CuO x to impart adhesion to the substrate [27] [28] [29] [30] [31] . Obviously, the static fatigue behaviour of these different compounds and reaction products strongly differs:
• Standard Au (V06), thin Au (V05) and low-firing Ag (V01) conductors have little marked effect on SCG behaviour, and may be used without restriction. On alumina, these three compositions actually seem to improve SCG behaviour, which could be due to some protective effect of the surface (less access from humidity), coupled with a thermal tensile pre-stress in the layers, which partially counteracts the bending moment imposed by the testing apparatus.
• Common fritless or mixed Ag-rich conductors (V02 and V04) have no significant effect on Al 2 O 3 , but slightly degrade SCG of one type of ZTA, S01.
• Heavily fritted Pd-rich Ag:Pd conductors (V03) have a deleterious effect, which is limited on Al 2 O 3 but catastrophic on ZTA, lowering n down to values typical for alumina, i.e. ca. 40.
• Resistors, dielectrics and overglazes (V07-V11) have complex effects, ranging from apparent improvement of SCG resistance (e.g. V07 and V09-11 on alumina) to strong degradation (e.g. V08 on ZTA grade S01). As in the case of some conductors, the apparent positive effect seen on alumina may be explained by protection of part of the surface, with the layers themselves being probably protected at low stresses by compressive matching on the alumina substrate.
• Overglazing the substrate at higher temperature (V11 vs. V10) tends to degrade n somewhat for ZTA, with a stronger effect seen on type S01.
The more marked effects seen on ZTA are expected, as the blank substrates have very good SCG performance. On the other hand, thick-film grade Al 2 O 3 , which contains some obviously SCGsensitive glass phase, is inherently weak, which explains it being affected only in the most severe cases, e.g. Ag:Pd conductors. Interestingly, both ZTA grades are not strictly equivalent: S03 has a lower initial strength, but tends to maintain a lower SCG sensitivity with layers than S01; this is especially visible for the resistor compositions (V07 and V08), but also seen with other layers, e.g. V02, V04 and V11.
Comparing V01 vs. V03 (fritted conductors) and V10 vs. V11 (overglazing), one can see that a higher degree of layer-substrate reaction, as promoted by higher firing temperatures, tends to degrade SCG performance. However, the nature of the deposited glass also plays a role, as the lowfiring resistor composition (V08) tends to degrade SCG more than the high-firing one (V07). In this case, this may be expected from the higher thermal expansion (i.e. more tensile stress) and lower corrosion performance (more SCG susceptibility) of low-melting glasses [32] .
In this light, the especially deleterious effect on strength seen with heavily alloyed Ag:Pd conductor pastes is elucidated as not directly stemming from the metallurgy itself, but from the considerable amounts of glass frit and reactive oxides present in these formulations, together with the high 850°C firing temperature, both additives and temperature being helpful in ensuring strong and reliable adhesion on different nuances of industrial alumina substrates [27] [28] [29] . The presence of glass frit also promotes sintering of the higher-melting (vs. pure Ag) Ag:Pd alloys [28, 30] . To confirm this interpretation, a small complementary microscopic/microprobe analysis was carried out on two conductor pellets, V03 (fritted heavily alloyed Ag:Pd) and V04 (fritless Ag with low Pd + Pt content), using the same methods as previous work [31] . Fired V03 pellets expectedly exhibited a large amount (≈16% vol.%) of glassy phase, based on lead-bismuth borosilicate glass with ZnO and Al 2 O 3 additions (B 2 O 3 not detectable by our analysis, but assumed from literature [27] [28] [29] ), and an Ag:Pd ratio of ≈3:1. In contrast, no significant glassy regions are visible for V04, which, on the other hand, contains particles rich in CuO x , with some Bi 2 O 3 also present, these oxides, together with a small amount of CdO (1-1.5% in V04 according to the supplier, not detected in our analysis) being the typical additives for reactive oxide bonding [27] [28] [29] . Also, in accordance to expectations, the metallic content in V04 was much closer to pure Ag, ca. 90 Ag + 6 Pd + 4 Pt by weight. It is interesting to compare V03 = ESL 9635B to our previous results on the nominally equivalent DP 9473 ink [31] . For DP 9473, we obtained similar results (≈18 vol.% glass, Ag:Pd ≈ 3:1) to V03, the main difference lying in the glassy phase being lead-free, i.e. containing only Bi 2 O 3 as a heavy metal oxide, its composition being otherwise comparable.
Overglazed layers (V12-V18)
Globally, overglazing effects a further degradation to the SCG performance, with in many cases a synergistic effect: performance is lower than with the original layer or the overglaze alone. This is particularly evident for the Ag:Pd conductor (V13), where overglazing results in very poor SCG behaviour for all substrates. Evidently, such a combination, which is often found in thick-film electronics (solder/bond parts, with adjacent areas overglazed), requires careful design to avoid areas potentially subjected to stresses.
The other compositions confirm the trends seen for the single layers, including the apparently lower sensitivity of ZTA S03 vs. S01 to the presence of layers. In terms of design stress σ d , the advantage of using ZTA vs. Al 2 O 3 , while still present, is further reduced in many cases.
Conclusions and outlook
In this study, the effect of various thick-film layers on long-term strength in moist air (ca. 100% RH) of ceramic 96% alumina and ZTA beams was analysed. In the blank state, ZTA allows more than doubling (S01) of the design stress over a 10-year period. This is due to higher strength and especially much lower SCG sensitivity, associated with both studied variants of this material and stemming from the essential absence of glassy phase. ZTA is preferred over glass-free Al 2 O 3 [25] due to its higher strength brought about by the ZrO 2 reinforcing phase, and ZTA nanocomposites were found to outperform both Al 2 O 3 and YSZ in static fatigue resistance [26] .
However, high-strength ZTA and YSZ are in general more susceptible to degradation by the presence of surface layers than is the case for "weaker" 96% Al 2 O 3 , which has important implications for circuit design. One obviously advantageous application for ZTA is therefore simple cantilever [12] or ring-on-ring [14] force sensors: a single-side, lower-cost design may be used, with the other side, under tensile stress, left blank. This greatly simplifies manufacturing (no vias or matched multiple resistor depositions), and the resulting signal penalty (only 2 out of 4 resistors active) is more than compensated by the higher allowable strain. In most cases, ZTA is preferable to YSZ, due to its lower cost and better compatibility with standard thick-film compositions [18] .
The very deleterious effect on SCG performance of standard Ag:Pd (ratio ca. 3:1) fritted conductors used for bond / solder pads was confirmed, with even much worse behaviour found when overglazing such conductors (in practice unavoidable). Mechanical sensors or any circuits subjected to significant loads should therefore be designed to keep such pads away from zones possibly subjected to high tensile stresses. Alternatively, going to a clad system, consisting of an Ag thickfilm process with subsequent chemical coating of pads by a Ni-Au sequence, should avoid issues with Ag:Pd conductors while improving other manufacturing [33] and reliability aspects in harsh environments [34] .
Several conductive compositions offer little or no apparent reduction of strength, and therefore can be essentially used without restriction: both Au conductors and the low-temperature Ag. Other compositions such as Ag-rich conductors resistors give intermediate results: strength is somewhat lowered on ZTA, but not on alumina.
The trends observed in strength degradation hint at the mechanism being formation of SCGsensitive layers on the substrate surface, which act as sites for initiation of cracks that can then propagate into the substrate. However, this hypothesis should be confirmed by more detailed studies, such as controlled crack growth experiments [26] , coupled with elucidation of the nature of the interactions between substrate and thick films, with the goal of reducing the observed strength degradation -or even inducing strength improvements [35, 36] .
Besides static fatigue, the effect of thick films on other aspects, such as the threshold levels for subcritical crack growth [26] and cyclic fatigue [37, 38] should also be investigated. For SCG, switching from purely static to constant-rate (dynamic) loading tests [20] is desirable, as such tests obviate the problem of early failures and surviving samples and the corresponding complex data analysis.
